The internalization mechanisms associated with octaarginine and stearyl-octaarginine were investigated using confocal laser microscopy and flow cytometric analysis. Octaarginine is able to translocate through cell membranes in a manner that does not exactly involve the classical endocytic pathways of internalization. However, when a stearyl moiety is attached to the N-terminus of octaarginine, the internalization shifts mainly to an endocytosis-dependent pathway. The transfection efficiency of stearyl-octaarginine was significantly higher than that of octaarginin. To understand the mechanism of the improved gene transfer by the N-terminal stearylation of octaarginine, the gene transfer processes mediated by octaarginine or stearyl-octaarginine were compared. Both octaarginine and stearyl-octaarginine are able to carry plasmid DNA into cells. The amount of plasmid DNA internalized as well as that delivered to the nucleus was higher in the case of stearyl-octaarginine. Even though the internalization mechanisms of octaarginine and stearyl-octaarginine were different, their complexes with plasmid DNA were internalized via the same pathway, presumably, the clathrin-mediated pathway of endocytosis. The results of the atomic force microscopy revealed that stearyl-octaarginine, but not octaarginine, can completely condense the DNA into stable complexes that can be highly adsorbed to the cell surface and subsequently highly internalized. Therefore, using stearylated-octaarginine provided higher internalization of plasmid DNA into cells, due to enhanced cellular association, as well as higher nuclear delivery. The results presented in this study provide a better understanding of the mechanisms of improved transfection using stearylated-octaarginine. The concept of using stearylated peptides may aid in the development of more efficient nonviral gene vectors.
Introduction
Basic peptides derived from the HIV-1 Tat protein (Tat-(48-60)) and Drosophila Antennapedia protein (Antp-(43-58)) have been shown to enter cells when added exogenously. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] These membrane-permeable peptides have been used for the delivery of exogenous molecules such as oligonucleotides and proteins into the cytoplasm and the nucleus of cultured cells. Tat-derived peptides that are chemically crosslinked to b-galactosidase, horseradish peroxidase, and RNAase A were found to be successfully taken up by different cell lines. [1] [2] [3] [4] Furthermore, the intraperitoneal injection of b-galactosidase, fused to the Tat protein, resulted in the delivery of the biologically active fusion protein to all tissues in mice, including the brain. 3 An interesting feature of the membrane-permeable peptides is the mechanism by which they are internalized into cells. The mechanism whereby these peptides are able to target and to traverse lipid membranes currently remains controversial. [10] [11] [12] [13] [14] [15] It was previously shown that the internalization was not inhibited even at 41C, suggesting an energy-independent mechanism of internalization that does not involve classical endocytosis. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The issue of whether these peptides are subject to the same mechanisms for cellular entry or not is not clear. 11 Sequence comparisons between the Tat and Antp peptides show the presence of basic amino acids (Arg and Lys), which might be important for contact with the negatively charged lipids of the cell membranes. 7 Secondary-structure analyses showed that the Antp protein transduction domain (PTD) is helical in the context of the larger homeodomain, but appears to be unstructured as a peptide. Moreover, the insertion of proline residues, which are ordinarily thought to disrupt helices, has no effect on transduction. 7, 9 In the case of the Tat-(37-72) peptide, the domain that extends from amino acids 37 to 47 can be folded in an a-helix structure with amphipathic characteristics. 5 However, the main determinant for the translocation of the Tat peptide was shown to be the cluster of basic amino acids while the a-helix domain was not critical. 5 A peptide consisting of a 9-mer of arginine was even more efficient than Tat-(49-57) in terms of cellular uptake. 16 Similarly, argininesubstituted analog of Tat, where residues corresponding to positions 49-57 are replaced with arginine, was internalized into cells as efficiently as the Tat-(48-60) peptide. 4 These findings suggest that arginine residues might play an important role in the translocation of the Tat peptide. It has recently been shown that octaarginine (R8) peptide was able to transfect cells with a luciferasecoding plasmid as efficiently as polyarginine and polylysine. 17 Furthermore, the introduction of hydrophobic moieties into the N-terminus of the R8 peptide improved the transfection efficiency by two orders of magnitude. 17 In this study, we attempted to understand the reasons behind the improved transfection efficiency of stearylated-octaarginine. We examined whether the mechanism by which the R8 peptide is internalized is similar to other virus-derived arginine-rich peptides such as the Tat peptide (ie a seemingly endocytosis-independent) or not. The effect of introducing a stearyl moiety at the N-terminus of R8 peptide on its internalization mechanism was also examined. Finally, the gene transfer processes mediated by R8 or stearyl-R8 (STR-R8) were compared. The comparison included the amount of plasmid DNA internalized, its intracellular localization, the mechanisms involved in the internalization process, and the characteristics of the complexes in both cases.
Our results suggest that typical endocytosis pathways established thus far do not play a crucial role in the translocation of the R8 peptide. In contrast, STR-R8 is internalized mainly via endocytosis. The amount of internalized plasmid DNA as well as its nuclear delivery was higher in the case of STR-R8. Even though the cellular internalization of R8 and STR-R8 occurs through different pathways, our results showed that the R8/DNA and STR-R8/DNA complexes are internalized through the same pathway, presumably, the clathrin-mediated endocytosis. By comparing the characteristics of R8/ DNA and STR-R8/DNA complexes, we conclude that STR-R8, but not R8, is able to completely condense DNA into stable complexes. Such complexes would be expected to bind tightly to cell surfaces and subsequently be readily internalized into cells. A complete understanding of the mechanisms of cellular entry of octaarginine and stearylated-octaarginine, either free or when complexed with DNA, as well as the mechanism of the improved transfection efficiency of stearylated-octaarginine would eventually help in developing more effective gene delivery vectors derived from oligoarginine derivatives.
Results

Cellular uptake of R8 and STR-R8 into NIH/3T3 cells
It has been previously shown that the R8 peptide is able to translocate through cell membranes and accumulate in the cytoplasm as well as the nucleus. 4 Here, we examined the effect of N-terminal stearylation of the R8 peptide on its internalization and intracellular localization pattern. NIH/3T3 cells were incubated with FITClabeled R8 or STR-R8 for 3 h followed by fixation and observation by confocal laser microscopy. The primary structures of the peptides used are shown in Table 1 and the results are shown in Figure 1 . Cells incubated with peptide-free medium were used as controls (Figure 1a ). Cells that had been treated with R8 peptide showed a diffuse fluorescence pattern spreading over all the cytoplasm and the nucleus (Figure 1b ). In the case of STR-R8-treated cells, the peptides were largely localized in the cytosol with considerable surface association (Figure 1c ). These data suggest that the addition of a stearyl moiety to the R8 peptide has a dramatic effect on its pattern of intracellular localization.
Effect of endocytosis inhibitors on the internalization of R8 and STR-R8 peptides
The mechanism by which the R8 peptide is internalized was examined to determine whether the R8 peptide uses the same internalization pathways that are used by Tat and Antennapedia peptides or not. We also examined the mechanism by which the STR-R8 peptide is internalized, to determine the effect of the addition of hydrophobic moieties to R8 on its internalization mechanism. The effect of the following endocytosis inhibitors on the internalization of R8 and STR-R8 was examined: low temperature (an inhibitor of internalization through endocytosis); 4, 5, 18 sucrose (a specific inhibitor of clathrin-mediated endocytosis); [18] [19] [20] [21] and N-ethyl maleimide (NEM) (an inhibitor of all types of vesicular transport inside cells). 5, 20 We also examined the effect of nystatin, a reagent that disrupts internalization via the caveolae. 20, 22, 23 Cells were preincubated at 41C, in the presence of sucrose, NEM, or nystatin followed by the addition of FITC-labeled R8 or STR-R8 and further incubated for different times as shown under 'Materials and methods'. At the end of the incubation, the cells were fixed and observed by confocal laser microscopy. The concentrations and preincubation times for these inhibitors were established by referring to literature references. [18] [19] [20] [21] [22] [23] The Figure 1 Cellular uptake of R8 and STR-R8 peptides in NIH/3T3 cells. NIH/3T3 cells were incubated with serum-free DMEM medium containing 2 mM FITC-labeled R8 (b), or 1 mM FITC-labeled STR-R8 (c). Cells incubated with free medium were used as controls (a). After a 3-h incubation, cells were washed three times with PBS, fixed, and observed by confocal laser microscopy as described under Materials and methods. The C-terminal cysteine amide (C*) was fluorescein-labeled for monitoring and quantification of the peptide internalization. Figure 2a and b) . The incubation in the presence of hypertonic medium or NEM only slightly affected the internalization of R8 (representative images of cells incubated in the presence of these reagents are shown in Figure 2c and d) . However, the incubation at low temperature significantly inhibited the internalization of STR-R8, with the peptides mainly being associated with the cell surface (compare Figure 3a and b) . Similarly, the incubation in the presence of sucrose or NEM significantly inhibited the internalization of STR-R8 (representative images of cells incubated in the presence of these reagents are shown in Figure 3c and d). Nystatin, an inhibitor of caveolae formation, did not significantly affect the internalization of R8 or STR-R8 (Figures 2e and 3e ). These results suggest that the internalization of R8 occurs mainly through pathways different from the classical endocytosis, while that of STR-R8 may occur mainly through the clathrin-mediated endocytosis. Based on the latter finding, we assume that the cytosolic localization of STR-R8 shown in Figure 1 may be explained by the localization of the peptides in certain cytosolic compartments, which might be any types of vesicles involved in internalization through endocytosis (ie endosomes or lysosomes).
Quantitative study of the internalization mechanisms of R8 and STR-R8 peptides
A more quantitative evaluation of the effect of endocytosis inhibitors on the internalization of R8 and STR-R8 was performed by FACS analysis ( Figure 4 ). The endocytosis marker transferrin (Tf) was used as a control to evaluate the activity of the inhibitors. 24 FACS analysis Octaarginine-mediated gene transfer IA Khalil et al revealed that the internalization of R8 was not significantly inhibited in the presence of these inhibitors while the internalization of STR-R8 or Tf was significantly inhibited, except in the case of nystatin-treated cells. The internalization of R8 was even significantly increased in the presence of NEM (Figure 4c ). The results of the flow cytometeric analysis are consistent with our previous analysis using confocal microscopy suggesting that the internalization of stearylated R8 is mainly endocytosis dependent while that of unmodified R8 is not exactly the same. Therefore, the internalization of R8 was dramatically altered after the introduction of a stearyl moiety to its N-terminus.
Internalization of plasmid DNA complexed with R8 or STR-R8 into NIH/3T3 cells
We previously showed that R8 and STR-R8 were successfully taken up by cells. We next examined the ability of these peptides to act as gene vectors in vitro. Rhodamine-labeled luciferase-coding plasmid DNA was complexed with R8 or STR-R8 by simply mixing these reagents with plasmid DNA followed by the addition of the complexes to cultured NIH/3T3 cells. After a 3-h incubation at 371C, nuclei were stained with green fluorescence SYTO 24 and the cells were then fixed and observed by confocal laser microscopy. Cells that had been incubated with free plasmid DNA were used as controls (data not shown). As shown in Figure 5 , plasmid DNA complexed with R8 could be detected in the cytosol of cells (a-b). However, the fluorescence detected inside the cells or surface bound was quite small indicating a low level of internalization of plasmid DNA and a low level of adsorption of the complexes on the cell surface, respectively. At this time, we could not observe any nuclear localization of plasmid DNA. In the case of STR-R8, plasmid DNA was mainly associated with the cell surface or in the cytosol with some nuclear localization. A representative image showing the nuclear localization of plasmid DNA complexed with STR-R8 is shown (Figure 5c and d) . These data suggest that the R8 peptide could be used to deliver plasmid DNA into cells using a strategy involving simple mixing. At the same time, the intracellular delivery and nuclear accumulation of plasmid DNA were significantly increased when the plasmid was complexed with STR-R8.
FACS analysis was then conducted to quantify the internalized and surface-bound plasmid DNA. Cells were incubated with FITC-labeled luciferase-coding plasmid DNA complexed with R8 or STR-R8. After a 3-h incubation at 371C, the cells were analyzed by flow cytometry. Propidium iodide (PI) was used to differentiate between surface-bound and internalized FITC fluorescence. 25 In the presence of PI, only the internalized fluorescence was measured. The results are shown in Figure 6 . In all cases, the measured fluorescence was higher when the plasmid was complexed with STR-R8, indicating a higher association with the cell surface as well as a higher level of internalization. However, at this stage of transfection, a high proportion of the total measured fluorescence in the case of STR-R8 represents surface-bound plasmid, indicating that the complexes in Figure 5 Internalization of plasmid DNA complexed with R8 or STR-R8 into NIH/3T3 cells. Cells were incubated with serum-free DMEM containing rhodamine-labeled plasmid DNA complexed with R8 (a,b) or STR-R8 (c,d) (final concentration of plasmid DNA was 2.5 mg/ml, cationanion charge ratios were fixed at 2:1 in each case). After a 3-h incubation, nuclei were stained with SYTO 24 green fluorescence, the cells were then washed three times with PBS, fixed, and observed by confocal laser microscopy as described under Materials and methods. Figure 6 Quantitative estimation of internalized and surface-bound plasmid DNA complexed with R8 or STR-R8. Cells were incubated with serum-free DMEM containing plasmid DNA complexed with R8 (closed bars) or STR-R8 (open bars). The final concentration of plasmid DNA was 2.5 mg/ml, half of the plasmid was labeled with FITC, and the cation-anion charge ratios were fixed at 2:1 in each case. After a 3-h incubation at 371C, the cells were washed three times with PBS, then half of the cells were suspended in 1 ml PBS followed by flow cytometric analysis (total fluorescence). The other half of the cells were suspended in 1 ml PBS in the presence of PI (2 mg) and then analyzed (internalized fluorescence). The difference between PI-treated and untreated cells represents the surfacebound fluorescence. The data represent the means and s.d. obtained from three independent experiments.
Octaarginine-mediated gene transfer IA Khalil et al this case are highly adsorbed to the cell surface and might be subsequently internalized with time. In the case of R8, the surface-bound as well as internalized plasmid was quite small, indicating a low level of adsorption on the cell surface and a low level of internalization.
Transfection efficiencies of R8 and STR-R8 in NIH/3T3 cells
The efficiencies of R8 and STR-R8 in the transfection of NIH/3T3 cells were examined using a luciferase-coding plasmid DNA. Plasmid DNA was mixed with R8 or STR-R8 as described under 'Materials and methods' and then added to NIH/3T3 cells. Free plasmids were used as controls. Transfection was conducted for a total of 48 h and the luciferase activity was then determined and expressed as relative light units (RLU) per mg of protein ( Figure 7) . Both R8 and STR-R8 are able to transfect cells. However, the luciferase activity from cells transfected with STR-R8 was about three orders of magnitude higher than that from cells transfected with R8. These results are consistent with previously published data that showed the improved transfection efficiency of R8 when a stearyl moiety is added at its N-terminus. 17 Studying the internalization mechanisms of plasmid DNA complexed with R8 or STR-R8
R8 is able to translocate through cell membranes in a manner that does not involve the classical endocytosis process, while STR-R8 is internalized through endocytosis, as shown previously. One possible explanation for the increased internalization of plasmid DNA when complexed with STR-R8 is that the R8/DNA complexes are internalized through the same pathway as R8 (ie different from endocytosis), while STR-R8/DNA complexes are internalized through endocytosis. However, the issue of whether R8 and R8/DNA complexes are internalized by the same pathway or not was unclear. Therefore, we examined the internalization of plasmid DNA complexed with R8 or STR-R8 in the presence of endocytosis inhibitors. Rhodamine-labeled plasmid DNA complexed with R8 or STR-R8 was added to cells that had been incubated at low temperature or in the presence of sucrose. After 1 h, the cells were fixed and observed by confocal laser microscopy, and the number of cells showing intracellular plasmids was counted (Figure 8 ). The internalization of R8/DNA and STR-R8/ DNA complexes was significantly inhibited in the case of cells incubated at low temperature or in the presence of sucrose, suggesting that both complexes are mainly internalized via the clathrin-mediated pathway of internalization.
Characterization of R8/DNA and STR-R8/DNA complexes
In order to better understand the reason(s) behind the enhanced cellular association of plasmid DNA in case of STR-R8, the sizes and zeta potentials of the complexes were measured 30 min after mixing plasmid DNA with R8 or STR-R8. STR-R8/DNA complexes are slightly larger in size than R8/DNA complexes, while the R8/ DNA complexes are more positively charged (Table 2) . Based on the latter observation, the R8/DNA complexes, which are more positive, are expected to bind more to the cell surface than the less positive STR-R8/DNA complexes. However, the results shown in Figure 6 contradict this expectation, as the surface-associated plasmid was , or in the presence of 0.4 M sucrose (hatched bars) for 30 min followed by the addition of rhodamine-labeled plasmid DNA complexed with R8 or STR-R8 (final concentration of plasmid DNA was 2.5 mg/ml, the cation-anion charge ratios were fixed at 2:1 in each case) and further incubated for 1 h. At the end of the incubation, the nuclei were stained with SYTO 24 green fluorescence and the cells were then washed three times with PBS, fixed, and observed by confocal laser microscopy where the number of cells showing internalized plasmid was counted in each case and expressed as % of total cells.
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IA Khalil et al much higher in the case of STR-R8. Therefore, we also examined the topography of the complexes 30 min after mixing plasmid DNA with R8 or STR-R8 by atomic force microscopy (AFM). Almost all the plasmid DNA complexed with STR-R8 was condensed in the complex core, while most of that complexed with R8 showed a large portion of DNA in the free state and not well condensed inside the complex core (representative images are shown in Figure 9 ). Therefore, STR-R8/ DNA complexes have a greater tendency to be adsorbed to the cell surface and to be subsequently internalized.
Discussion
A peptide consisting of eight arginine residues (R8) has been shown to be freely translocated through cell membranes as efficiently as the Tat peptide. 4 R8 was able to transfect cells with a luciferase-coding plasmid as efficiently as polyarginine and polylysine. 17 Furthermore, the N-terminal stearylation of R8 improved the transfection efficiency by two orders of magnitude. 17 The aims of the present study were (1) to delineate whether oligoarginine peptides use the same internalization mechanism as that used by the Tat peptide (ie apparently endocytosis-independent) or not; (2) to examine the effect of the N-terminal stearylation of R8 on its internalization mechanism; (3) to study the mechanisms of cellular entry of R8 or STR-R8/DNA complexes; and (4) to investigate the causes that led to the improvement of transfection efficiency of R8 when a hydrophobic moiety is introduced into its N-terminus.
The internalization of R8 and STR-R8 was investigated using confocal laser microscopy. R8 appeared to be localized in cytoplasm and nucleus, while STR-R8 was mainly localized in the cytosol with considerable surface association ( Figure 1) . The confocal microscopic observations of glutaraldehyde-fixed cells as well as the flow cytometric analysis showed that the internalization of the R8 peptide into cells was not significantly inhibited when the cells were incubated at low temperature, in the presence of hypertonic medium or NEM (Figures 2 and  4) . These experiments are consistent with the previous findings indicating that a possible common or very similar internalization pathway is involved in the internalization of arginine-rich peptides. 11 The mechanism of internalization of the arginine-rich peptides remains controversial. It has been shown that the internalization of these peptides occurred through endocytosis-independent pathways. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, the fluorescence microscopy on live unfixed cells showed characteristic endosomal distribution of the peptides indicating the involvement of endocytosis in the internalization process.
14 Further study is thus necessary to understand the precise mechanism by which these membrane-permeable peptides are internalized. A possible contribution of heparan sulfate in the internalization of these peptides has also been reported. 11, 26 In contrast to R8, the internalization of STR-R8 was significantly inhibited when cells were incubated at low temperature, in the presence of hypertonic medium or NEM (Figures 3 and 4) . These data suggest that the introduction of hydrophobic moieties into short membrane-permeable peptides dramatically alters the mechanism of their internalization. Therefore, the presence of the stearyl moiety prevented the translocation of the R8 peptide through cell membranes. We assume that STR-R8 first binds strongly to the cell surface, through hydrophobic interactions with lipids and ionic interactions with negatively charged compounds on the surface, and subsequently is internalized through endocytosis.
It has recently been reported that Tat-phage-mediated gene transfer occurs through the caveolae-mediated pathway of internalization. 13 Therefore, we also examined the effect of nystatin, a reagent that binds to membrane cholesterol and disrupts internalization through the caveolae. 22, 23 Nystatin treatment had no significant effect on the internalization of R8 or STR-R8, suggesting that caveolae formation is not involved in the internalization of these peptides.
We also showed that both R8 and STR-R8 are able to carry plasmid DNA to inside the cells ( Figure 5 ). Plasmid DNA complexed with STR-R8 was detected either associated with the cell surface, in the cytosol, or in the nuclei of cultured cells. When complexed with R8, much lower amounts of DNA were detected in the cytosol while no surface-bound or nuclear-localized DNA was detected. FACS analysis confirmed the enhanced cellular association and internalization of plasmid DNA in the case of STR-R8 ( Figure 6 ). Transfection experiment using luciferase-coding plasmid DNA showed the ability of R8 and STR-R8 to transfect cells (Figure 7 ). STR-R8 was considerably more efficient as a transfection agent than R8. This is consistent with the previous data showing the superiority of STR-R8 as a transfection agent. 17 To know the internalization mechanisms of R8/DNA and STR-R8/DNA complexes, the internalization of the complexes was examined using confocal laser microscopy. The internalization of both complexes was significantly inhibited when cells were incubated at low temperature or in the presence of a hypertonic medium Octaarginine-mediated gene transfer IA Khalil et al indicating that R8-and STR-R8-mediated gene transfer may occur mainly through the clathrin-mediated endocytosis ( Figure 8 ). This result indicates that the internalization mechanism of the R8 peptide alone is not exactly the same as its complexes with DNA. We assume that complexes formed between R8 and DNA may not have the same ability as free R8 to translocate through cell membranes in a seemingly energy-independent manner. R8 in the complexes might not be able to afford their internalization away from endocytosis. Instead, the complexes bind to the cell surface through ionic interactions and subsequently internalized through endocytosis. The remaining question is why the presence of stearyl moieties enhanced the cellular association of the plasmid DNA. To answer this question, the characteristics of R8/ DNA and STR-R8/DNA complexes were examined using dynamic and electrophoretic light scattering spectrophotometry and AFM. As evidenced by dynamic light scattering, there was no significant difference in size between R8/DNA and STR-R8/DNA complexes. Meanwhile, R8/DNA complexes were slightly more positively charged than STR-R8/DNA complexes, as judged by their zeta potentials. Atomic force microscopic imaging of the complexes revealed that R8 did not condense the whole DNA molecule into stable complexes so that some of the plasmid was still free in the medium. We assume that R8 binds to the negatively charged DNA phosphate groups forming complexes that are positively charged in part, but leaving regions of DNA not coated and in contact with the medium. This may explain the low surface association of the R8/DNA complexes and subsequently the low transfection efficiency of R8. In contrast, STR-R8 can completely condense the DNA molecules into stable complexes containing DNA in their cores, leaving no free DNA exposed to the medium. We assume that when STR-R8 is mixed with plasmid DNA, both ionic and hydrophobic interactions between STR-R8 and DNA would occur. R8 would attach to the DNA phosphate, while the stearyl moieties would aggregate to produce a stable plasmid/R8 complex. At the same time, stearyl moieties would bind to the DNA backbone leaving some of the cationic arginine residues on the surface of the complexes. This hypothesis is supported by the fact that STR-R8/DNA complexes were positively charged, as revealed by zeta-potential measurements. The stearyl moieties exposed on the surface of the complexes would partly shield the cationic charge of arginine residues, thus the zeta potential of STR-R8/ DNA complexes would be lower than that of R8/DNA complexes. We believe that the cationic charges of the complexes alone are not enough to induce their high cellular association. With the aid of both the cationic charges and the hydrophobic interactions, the STR-R8/ DNA complexes would be adsorbed at high levels to the cell surface. Such a high adsorption would facilitate their internalization via endocytosis. These conclusions are consistent with the confocal microscopy and flow cytometer analysis findings (Figures 5 and 6) . Therefore, the addition of hydrophobic moieties to membranepermeable peptides may provide a way to induce a phase transition in DNA molecules between an elongated coil and a collapsed globule, producing novel and efficient tranfection agents. The observed enhanced nuclear delivery of plasmid DNA complexed with STR-R8 represents another important advantage of the stearylated-octaarginines. Although the exact mechanism of this improved nuclear delivery remains unclear, it was suggested that the STR-R8 would disrupt the endosomes by itself leading to the cytosolic release of DNA which may reach to the nucleus more easily. 17 Further study is still needed to clarify the reasons for the improved nuclear delivery of plasmid DNA when complexed with STR-R8.
In summary, this study demonstrates the following: First, R8 is able to translocate through cell membranes in a manner that does not exactly involve the classical endocytosis, similar to other arginine-rich membranepermeable peptides, while the cellular entry of STR-R8 occurs mainly through clathrin-mediated endocytosis. Second, R8/DNA and STR-R8/DNA complexes are internalized via the same pathway, presumably, clathrin-mediated endocytosis. Third, when stearyl moieties are added to R8, they bind and condense DNA molecules producing stable complexes with DNA that are highly adsorbed on the cell surface due to the combination of ionic and hydrophobic interactions, leading to a higher level of internalization. The improved transfection efficiency of STR-R8 thus can be explained by the enhanced internalization as well as the improved nuclear delivery of plasmid DNA. Our results clarified the nature of oligoarginine-mediated gene transfer. The precise understanding of the mechanisms of this process will help in developing more efficient nonviral gene vectors based on the addition of hydrophobic moieties to short membrane-permeable peptides.
Materials and methods
General
NIH/3T3 cells were from the American Type Culture Collection (Manassas, VA, USA). Plasmid DNA containing a firefly luciferase gene together with a cytomegalovirus (CMV) promoter was obtained from Promega (Tokyo, Japan). Plasmid DNA was labeled with rhodamine or FITC using a Label IT Labeling Kit (PanVera, Madison, WI, USA). SYTO 24, FITC-labeled transferrin, and PI were purchased from Molecular Probes (Eugene, OR, USA). Sucrose, NEM, and nystatin were purchased from Wako Pure Chemicals (Tokyo, Japan).
Cell culture
NIH/3T3 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% heat-inactivated fetal bovine serum (FBS). Cells were grown in 10-cm dishes and incubated at 371C under 5% CO 2 to B80% confluence. A subculture was performed every 2-3 days.
Preparation of peptides
R8 and STR-R8 peptides were prepared by solid-phase peptide synthesis as previously reported. 17 Fluoresceinlabeled R8 was prepared as reported previously. 4 Fluorescein-labeled STR-R8 was prepared by the solidphase synthesis of stearyl-(Arg) 8 -Gly-Cys-CONH 2 followed by the treatment of the peptide with 5-iodoacetamidofluorescein (Sigma) in the presence of N-methylmorpholine in dimethylformamide-methanol (1:1). Each peptide was purified by high-performance liquid chromatography (HPLC). The molecular weight Octaarginine-mediated gene transfer IA Khalil et al of the product was confirmed by matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOFMS).
Peptide internalization
NIH/3T3 cells (3.5 Â 10 5. cells in 60-mm dish) were incubated in DMEM with 10% FBS overnight. Cells were then incubated with FITC-labeled R8 (final concentration 2 mM) or STR-R8 (final concentration 1 mM) at 371C for 3 h followed by fixation with 25% glutaraldehyde at room temperature for 30 min. The fixed cells were then washed three times with PBS and cells were analyzed by confocal laser microscopy.
Inhibition of endocytosis
Cells were preincubated at 41C, in the presence of 0.4 M sucrose or 25 mg/ml nystatin for 30 min followed by the addition of FITC-labeled R8 (final concentration 2 mM) or STR-R8 (final concentration 1 mM) and further incubated for 1 h followed by fixation and observation by confocal laser microscopy. For NEM-treated cells, the preincubation time was 5 min and cells were incubated after the addition of peptides for a further 15 min. The incubation after the addition of peptides was performed at 371C except in the first case where cells were kept at 41C until the end of the fixation. Parallel incubations in the absence of these treatments were performed and used to compare the effect of the different inhibitors (representative examples are shown in Figures 2a and 3a) .
Confocal laser microscopy
At the end of the incubation, the medium was removed and the cells were washed three times with PBS followed by fixation as described previously. Cells were then analyzed with Carl Zeiss LSM510 confocal laser scanning microscope. For staining the nucleus, cells were treated with SYTO 24 for 15 min at 371C before fixation.
Flow cytometery
At the end of the incubation, the medium was removed and cells were washed three times with PBS followed by trypsinization. Cell suspensions were washed with PBS, then passed through a nylon mesh and kept on ice until measured. The fluorescence intensity of 10 000 cells was analyzed using FACScan fluorescence activated cell sorter (Becton Dickinson). Transferrin (1 mM) was used as control. In all cases, the measurements were performed in triplicate.
In vitro transfection using fluorescence-labeled DNA Plasmid DNA was diluted with serum-free DMEM medium, then mixed with R8 or STR-R8 solutions in serum-free DMEM medium. The mixtures were allowed to stand for 30 min at room temperature before addition to NIH/3T3 cells cultured in 60-mm dishes (dose of plasmid DNA was 2.5 mg/ml while the cation-anion charge ratios were fixed at 2:1). The incubation was performed at 371C for 3 h. For confocal microscopy, rhodamine-labeled plasmid DNA was used and the nuclei were stained with SYTO 24 before fixation. To examine the internalization mechanisms of R8/DNA and STR-R8/DNA complexes, cells were preincubated at 41C or in the presence of 0.4 M sucrose for 30 min, then complexes were added followed by a further 1-h incubation. For flow cytometeric analysis, half of the plasmid DNA was labeled with FITC. To differentiate between internalized or surface-bound DNA, the cells were suspended in the absence or presence of PI (2 mg/ ml) before measurement.
Luciferase assay
A plasmid DNA coding luciferase gene was allowed to complex with R8 or STR-R8 as described above. The mixtures were added to NIH/3T3 cells and incubated at 371C in the presence of serum-free DMEM medium. After 12 h, the volume of the medium was doubled with DMEM containing 20% FBS followed by further incubation for 12 h. The medium was then replaced with DMEM containing 10% FBS and the incubation continued for further 24 h. The cells were then harvested and a luciferase assay was performed following the protocol of the Promega' luciferase assay kit (Tokyo, Japan). The light unit values shown (RLU) were normalized for the total protein content of the cell lysate. All measurements were performed in triplicate.
Characterization of complexes
Complexes of plasmid DNA with R8 or STR-R8 were prepared under the same conditions as were used for the transfection. The particle size was measured by a dynamic light scattering method and zeta-potential measurements were performed using electrophoretic light scattering method (ELS-8000, Photal Otsuka Electronics Co. Ltd, Osaka, Japan). All measurements were performed in triplicate.
Atomic force microscopy
Complexes of plasmid DNA with R8 and STR-R8 were prepared under the same conditions used for transfection and then observed by tapping-mode AFM (Nanoscope IIIa MultiMode system, Digital Instruments, Santa Barbara, CA, USA) in solution. A total of 50 ml of R8/ DNA and STR-R8/DNA complexes was incubated on a freshly cleaved mica surface for 15 min. After this incubation, AFM observation was started with the following scanning parameters: driving frequency 8.9-9.0 kHz, scanning rate 2 Hz. All images were taken in the topographic mode with 512 lines in a flame.
